Complement and granulocyte activation were studied in cardiopulmonary bypass circuits completely coated with either end-attached covalent-bonded heparin, the Carmeda BioActive Surface, or with the Duraflo II bonded heparin, in combination with reduced systemic heparinization (activated clotting time > 250 seconds). The control groups were perfused with uncoated circuits and full heparin dose (activated clotting time > 480 seconds). Altogether 67 patients undergoing elective first-time myocardial revascularization were investigated, having extracorporeal perfusion with a Duraflo lI coated circuit (n = 17), an identical but uncoated circuit (n = 17), a Carmeda coated circuit (n = 17), or an equivalent uncoated circuit (n = 16). During cardiopulmonary bypass, the C3 activation products C3b, iC3b, and C3c (C3bc) and the terminal SC5b-9 complement complex increased markedly in all four groups compared with baseline, but significantly less in the two coated groups than in their control groups. Additionally, a significantly lower concentration of C3bc was observed in the Carmeda coated group, with maximal increase of median 28 AU/ml compared with 50 AU/ml in the Duraflo II coated group (p = 0.003). Similarly, in the Carmeda coated group, the maximal increase of terminal complement complex was considerably lower (0.8 AU/ml) than the levels recognized in the Duraflo II coated group (2.4 AU/ml) (p < 0.001). The release of the granulocyte activation enzymes myeloperoxidase and lactoferrin increased from the beginning of the operation, with peak levels at the end of bypass. A significant reduction of lactoferrin release was recognized when comparing the coated groups with the control groups. The difference between the two coated groups (Carmeda 229/tg/L; Duraflo II 332 #g/L; p = 0.05) was marginally significant. For myeloperoxidase, no significant differences were observed between the coated and uncoated groups. In conclusion, both types of heparin-coated circuits reduced complement activation and release of lactoferrin, but the Carmeda circuit proved to be more effective than the
B
inding of heparin to surfaces in contact with blood during cardiopulmonary bypass (CPB) has been shown to reduce activation of biologic cascades] -5 This indication of improved hemocompat- (20) (21) (22) (23) (24) (25) (26) 23 (19) (20) (21) (22) (23) (24) (25) (26) (27) *No significant intergroup differences were detected.
Calif.) binds heparin partly ionically by means of a proprietary process. 1° The C a r m e d a BioActive Surface (CBAS, Medtronic, Inc., Minneapolis, Minn.) covalently binds end point-attached degraded heparin. u Reduced c o m p l e m e n t and granulocyte activation has been demonstrated individually for both systems, 2-5'12 although most reports have been based on results in which only the oxygenators and tubings were heparinized. However, comparison of the two systems with regard to degree of activation of biomarkers has not previously been reported. The purpose of the present study was to compare the effects of the CBAS system and the Duraflo II circuit on the most relevant c o m p l e m e n t markers (C3 activation products and terminal complement complex [TCC] ), and the granulocyte activation as assessed by release of myeloperoxidase and lactoferrin, in patients undergoing elective coronary artery bypass operations.
P a t i e n t s a n d m e t h o d s
Patients admitted for first-time elective coronary artery bypass grafting with two-or three-vessel disease were eligible for the study. They had a low operative risk profile. Urgent operation was a cause for exclusion, as were redo operations, age more than 75 years, and impaired left ventricular function. Neurologic disorders and liver and renal failure were also reasons for exclusion. Anticoagulation or antiplatelet therapy was discontinued 7 days before the operation in all patients.
Informed consent was obtained from all patients and the study protocol was approved by the regional ethical committee. All operations were performed by one of two surgeons (E.O., G.T.).
For the Duraflo II part of the study, 34 patients were prospectively randomized to have CPB with a heparincoated circuit (coated group) or with an uncoated but otherwise identical circuit (control group). No visual differences between the two extracorporeal circuits were present, and the surgical team was blinded to the randomization.
Duraflo II group (n = 17). All surfaces in contact with blood were coated with a water-insoluble heparin complex. The circuit included silicone and polyvinylchloride tubings connected to a hard-shell cardiotomy reservoir (DII BCR 3500, Baxter Bentley), a soft-shell venous reservoir (DII BMR-1900, Baxter Bentley), a woven hollow polypropylene-fiber membrane oxygenator (Univox Gold; Baxter Bentley, surface area 1.80 m2), and a 25/xm arterial filter (DII AF-1025, Baxter Bentley). Systemic heparin (Nycomed Pharma, Oslo, Norway) was given in a bolus dose of 100 IU/kg. Activated clotting time (ACT) (HemoTec, Inc., Englewood, Colo.) should exceed 250 seconds before institution of CPB. The dose of protamine sulfate for neutralization of heparin was 1.3 mg/100 IU heparin. The extracorporeal bypass circuit was disconnected before administration of protamine.
Duraflo II control group (n = 17). The extracorporeal circuit was uncoated but otherwise identical to the heparin-eoated equipment. Heparin was administered in a dose of 400 IU/kg, and the ACT exceeded 480 seconds before CPB was begun. The protamine/heparin ratio was similar to that in the coated group.
The patients in whom the CBAS system was used were entered in the study immediately after the Duraflo II series had been terminated. The protocol for patient selection and study design were exactly the same as for the Duraflo II series.
CBAS group (n = 17). Every part of the extracorporeal equipment in contact with the patient's blood was coated with end-attached covalent-bonded heparin. The circuit included polyvinylchloride tubings connected to a hardshell cardiotomy reservoir (CB SK 1351, Medtronic), a collapsible venous reservoir bag (CB MVR 1600, Medtronic), a woven hollow polypropylene-fiber membrane oxygenator (CB Maxima Plus 3380, Medtronic, surface area 2.0 m2), and a 20/xm arterial filter (CB M-20, Medtronic). As for the Duraflo II coated group, systemic heparin was given in a bolus dose of 100 IU/kg and ACT exceeded 250 seconds before CPB.
CBAS control group (n = 16). The extracorporeal circuit was uncoated but otherwise identical to the coated equipment, and the heparin and protamine administration was similar to that used in the Duraflo II control group. In all groups, additional heparin was given if the ACT was below the lower limit. The postoperative ACT should be less than 130 seconds, and protamine was added if necessary.
Operation and blood conservation. Extracorporeal circulation was performed with the use of a St6ckert roller pump with the pulsatile flow control device (PFC III, St6ckert Instrumente GmbH, Munich, Germany). Mild hypothermia (blood temperature, 32 ° C) was instituted immediately after CPB was begun. The heart-lung machine was primed with 2000 ml of Ringer's acetate, and hemodilution was even more accentuated by removal of autologous blood for blood conservation, ~3 which aimed at an intraoperative hematocrit value of more than 22%. The ventilation of the lungs was terminated during CPB and reinstituted a few minutes before conclusion of CPB.
Myocardial protection consisted of antegrade administration of crystalloid cardioplegic solution (St. Thomas' Hospital No. 2) and topical cooling with ice slush. Cardiotomy suction was used during the entire period of heparinization. Anticoagulation was reversed with protamine sulfate. The mediastinal shed blood was autotransfused hourly in a closed system up to 18 hours after the operation.
ACT was measured before the operation, after heparin administration, before CPB, 10 minutes after the start of CPB, at 20-minute intervals during CPB, after protamine administration, and 2 hours after the operation.
Test blood sampling. Samples of blood treated with ethylenediaminetetraacetic acid were drawn from the central venous cannula at the following intervals: (1) after induction of anesthesia; (2) immediately after institution of CPB; (3) after release of the aortic crossclamp; (4) at the end of CPB, after the onset of lung ventilation; (5) 2 minutes after administration of protamine; (6) 2 hours after the operation; and (7) 18 hours after the operation.
All samples were immediately cooled on ice and centrifuged, and plasma was stored at -7 0 ° C until assayed in one batch for all groups. The analyses were performed by investigators blinded with regard to allocation of the patients to the four groups.
Analysis. C3 activation was measured in a doubleantibody enzyme immunoassay. 14 The polystyrene plates were coated with a mouse monoclonal antibody (bH6) specific for a C3 neoepitope expressed in C3b, iC3b, and C3c, but not in the native C3 component. The concentration of the SC5b-9 TCC was quantified in a similar enzyme immunoassay with a mouse monoclonal antibody (aEll) specific for a neoepitope expressed only in activated C9. ss C3bc and TCC are indicated as arbitrary units (AU) per milliliter, referred to a standard of zymosan-activated serum defined to contain 1000 AU/ml.
Myeloperoxidase was analyzed according to instructions given by the manufacturer (Pharmacia Diagnostics, Uppsala, Sweden), and lactoferrin was analyzed in plasma by radioimmunologic techniquesJ 6 The total plasma concentration of heparin was analyzed as a complex with the antithrombin present in plasma (Coatest Heparin, Chromogenix, M61ndal, Sweden).
Statistics. The four groups were compared by means of the Kruskal-Wallis test for continuous variables. Discrete variables were treated by means of contingency tables, with Yates' correction and Fisher's test when one of the expected cell values was less than 5. For the serial measurements of C3bc, TCC, lactoferrin, and myeloperoxidase, the sample points were related to the progress of the operation and differed in each patient. Therefore comparisons at each sample point were not considered relevant. Hence the values were treated individually for each patient, the maximal increase being calculated as the difference between the individual peak value (regardless sample point) and the value obtained immediately after the start of CPB. The summary measurements in each group were compared by means of the Mann-Whitney test. 17 Analysis of the time-dependent changes within each group were done by means of the paired Student's t t8 test and the Wilcoxon paired test.
The values are presented as medians with quartiles or range when indicated. A p value less than 0.05 was considered significant.
Results
The demographic data are shown in Table I . N o significant differences in any parameters were observed. Higher amounts of heparin and more supplemental doses were required in the CBAS coated group than in the Duraflo II coated group (p < 0.05) to achieve the lower limit of A C T (Table II) . Despite this fact, the A C T s during CPB were significantly higher in the Duraflo II coated group (p < 0.01) (Fig. 1) . This difference was confirmed by estimation of total plasma heparin, which showed higher levels in the Duraflo II coated group during CPB (Fig. 2) . A n index of the summary values of the heparin concentration during CPB/systemic heparin dose revealed a highly significant difference between the groups (p < 0.001). The actual doses of heparin in the coated groups were reduced to approximately 30% of the doses in the control groups.
The postoperative parameters such as mediastinal drainage, hemoglobin concentration at discharge, and kidney function were similarly favorable in all four groups, with no significant intergroup differences (Table III) . All patients survived.
The mean hematocrit values during CPB and body weights were similar in the groups, and all figures for the activation products are given uncorrected for hemodilution.
C3 activation products (C3bc). The C3 activation products C3b, iC3b, and C3c increased markedly in all groups compared with baseline values (p < 0.001), reaching a peak level at the end of the operation (Fig. 3) . The levels were significantly lower in the CBAS coated group than in the CBAS control group (p = 0.01) or in either Duraflo II group. The maximal increase of C3bc after CPB reached a median of 28 AU/ml (18 to 40 AU/ml) in the CBAS group compared with the median 50 AU/ml (37 to 58 AU/ml) in the Duraflo II group (p = 0.003) (see Fig. 7 ). In fact, there were no significant differences between the Duraflo II coated group and the uncoated CBAS control group. At 18 hours after the operation, the concentration of C3bc had returned to baseline levels in all groups.
TCC. The TCC concentration in the CBAS group increased slightly and reached borderline significance compared with baseline (p = 0.048). In the Duraflo II group, however, and in the two control groups, a highly significant increase comparedwith the baseline level was recognized (p < 0.001) (Fig.  4) . In the CBAS group, the maximal increase of TCC during CPB (see Fig. 7 ) was a median of 0.8 AU/ml (0.6 to 1.2 AU/ml) compared with a median of 2.4 AU/ml (1.8 to 2.7 AU/ml) in the Duraflo II group (p < 0.001). As with C3bc, there were no significant differences between the Duraflo II coated group and the uncoated CBAS control group. The TCC level returned to preoperative values the day after the operation.
Lactoferrin. An increase of lactoferrin release started from the beginning of the operation, continuing during CPB to reach a significantly higher level in all groups compared with baseline levels (p < 0.001) (Fig. 5) . The concentrations in the heparin-coated groups were considerably lower than those of their respective control groups (p < 0.01) (see Fig, 7 ). The maximal release of lactoferrin in the CBAS group was 229/xg/L (182 to 341/*g/L) and marginally less than the Duraflo II level of 332/,g/L (235 to 451/,g/L) (p = 0.05). In both control groups, a sudden and significant (p < 0.001) decrease of the lactoferrin concentration was seen 2 minutes after protamine administration, with another increase 2 hours later.
Myeloperoxidase. As for lactoferrin, the release of myeloperoxidase increased in all groups from the start of the operations and reached threefold the baseline level at the end of CPB (p < 0.001) (Fig. 6) . No significant differences were noted between the coated groups and their respective control groups (Fig. 7) . A decrease in the levels was observed after protamine administration, but to a much lesser degree than for lactoferrin. The summary results of the most relevant intergroup differences in maximal concentrations of the activation products are given in Table IV .
AU/ml

Discussion
Heparin coating of nonendothelial surfaces in contact with blood was primarily initiated to improve thromboresistance 19 but has been documented to reduce activation of several biologic cascades.2-4, 12, 2o Two different processes of coating extracorporeal circuits with immobilized heparin have been developed and are available for clinical use. The CBAS process is based on depositing a polymer coating, polyethylenimine, onto various types of surfaces. Heparin fragments, prepared from the degradation of heparin in nitrous acid, are then end-point attached and covalently bonded to the polymer. 11 The Duraflo II process is based on the concept of modifying the physiochemical properties of unfractionated heparin with a proprietary binding agent, which has high affinity to a variety of synthetic surfaces. 1° Direct comparison of blood compatibility of the two differently heparinized circuits has not previously been reported.
Until recently, only the oxygenator and tubings could be coated with heparin, and most clinical studies have been carried out under partly experimental circumstances. In the present study, the Maximal increase of the activation markers during the operation in the four groups. The levels were significantly lower in the CBAS group than in the Duraflo lI group for C3 activation products (C3bc) (*p = 0.003), and for the SC5b-9 TCC (**p < 0,001). There were marginal differences for lactoferrin (Lacto) (p = 0.05), but no difference for myeloperoxidase (MPO). See Table IV for further intergroup differences. Median values with quartiles.
effects on bioactive markers could be investigated in a situation in which all surfaces of the extracorporeal circuit in contact with blood were coated with heparin, including cannulas, lines, filters, and the cardiotomy reservoir. Significant reduction of complement activation was demonstrated with both heparin-coated circuits compared with their uncoated controls. This observation supports several previous studies of partly heparin-coated circuits 2-5'21 and is generally accepted as evidence of the improved hemocompatibility when immobilized heparin is attached to artificial surfaces. However, two main distinctions were recognized when the two differently heparinized extracorporeal circuits were compared:
First, the patients in the Duraflo II group required less heparin than the CBAS group to reach the lower limit of ACT. Despite this fact, the plasma concentrations of total circulating heparin during CPB were significantly higher in the Duraflo II group. This difference is assumed to be due to leaching heparin to the circulation from the Duraflo II surface, and it agrees with an in vitro blood recirculation loop test of coated arterial filters. 1° About 10% of the bonded heparin was demonstrated to be circulating shortly after CPB but remained stable at this level for 2 hours. Second, the patients in the Duraflo II group showed significantly higher concentrations of complement activation products than the CBAS group, both at the intermediate C3 level and the end of the cascade, as assessed by the concentration of the SC5b-9 TCC. In the CBAS coated group, the levels of C3 activation products and TCC were lower than those of the Duraflo II coated group, 44% and 67%, respectively. The same trend was observed for release of lactoferrin. This evidence of different degrees of hemocompatibility may have several reasons, and interpretations of the data are not obvious. Whether leaching of heparin from the coated Duraflo II surface, in contrast to the more stable CBAS coating, tl may change the bioactive layer with regard to the surface activation remains to be proved in experimental studies.
One striking observation, however, was that the formation of C3bc and TCC was significantly less prevalent in the uncoated CBAS control group than in the uncoated Duraflo II group. The magnitude of the surface areas in contact with blood could potentially have some influence, but the surfaces were similar in all oxygenators, or even smaller in the Duraflo II groups. These facts clearly demonstrate that the construction and design of the extracorporeal equipment have a major impact on activation of the complement cascade, whether the surfaces are coated with biologic substances or not. Similar conclusions were drawn in a study of complement activation in an in vitro study of six different bubble and membrane oxygenators. 22 Therefore the reduced activation of complement and granulocytes recognized in the CBAS coated group compared with the Duraflo II group is likely due to a combination of different construction designs of the extracorporeal components and the process for immobilizing heparin to the surfaces.
These findings illustrate the dilemma of the study, when investigating two different coating processes applied to two different types of circuits. For the true effects on blood compatibility of the differently heparinized surfaces to be evaluated, definite studies ideally require "crossover" heparin coating of the two extracorporeal systems. This is probably incompatible with proprietary interests of the manufacturers. So far, the present instruments are the only circuits available for clinical purposes; consequently, documentations of differences in performance and impact on biologic cascades are relevant.
Activation of complement is associated with activation of granulocytes. 23 Release of cytolytic enzymes contributes to the adverse effects of extracorporeal circulation. 24 For the activation of granulocytes to be monitored, the release of the glycoproteins lactoferrin and myeloperoxidase were assessedY Both proteins are mediators of the inflammatory response. In the present study, lactoferrin levels increased rapidly during CPB in all groups. The release was significantly reduced in both heparin-coated groups compared with their control groups. This corresponds with other reports.4,12 A marginal difference was observed in favor of less release in the CBAS group than in the Duraflo II group.
Myeloperoxidase release did not differ between the two heparin-coated groups or by comparison with their control groups. This observation is in contrast to other reports. 4' 12 However, inasmuch as the maximal effects of heparin coating on myeloperoxidase release were demonstrated to occur late during CPB, 4' 12 the limited extracorporeal times in our series may explain the differences. Significantly less release was seen in the CBAS control group than in the Duraflo II control group, again indicating the impact of the design of the circuits.
No evidence of decreased postoperative bleeding was seen when heparin dosages were lowered, as reported by others, s' 9 The main reason is probably due to the limited number of patients in each group, which precludes any significant conclusions with regard to clinical effects. Moreover, the mediastinal drainage was modest in all groups, including the control groups, and this may mask the influence of the heparin-coated circuits.
In summary, reduced activation of complement and granulocyte release of lactoferrin was demonstrated for both Duraflo II circuits and CBAS circuits used for CPB during coronary artery bypass operations. However, significantly less activation of the complement system was observed for the CBAS group, probably because of the different design of the circuits and the alternative processes for binding heparin to surfaces. The clinical course was uneventful in all groups; however, the patients selected for the study were at low risk, and major complications or organ failures were not expected. The clinical impact of the different patterns of hemocompatibility of the two types of heparinized circuits remains uncertain, but it may be assumed to have consequences in more critically ill patients and in situations requiring long periods of extracorporeal circulation.
